Our previous study demonstrated that, among ovarian carcinomas, amplification of the MET gene and overexpression of MET specifically and commonly occur in clear-cell adenocarcinoma histology. This study was conducted to address how these alterations contribute to development and progression of this highly chemoresistant form of ovarian cancer. We histologically reviewed 21 previously described MET amplificationpositive clear-cell adenocarcinoma cases, and selected 11 tumors with synchronous endometriosis and 2 tumors with adjacent clear-cell adenofibroma (CCAF) components. Using double in situ hybridization and immunohistochemistry, copy number alterations of the MET gene and levels of MET protein expression were analyzed in these putative precursor lesions and the corresponding invasive carcinoma components in this selected cohort. All of the non-atypical precursor lesions analyzed (ie, non-atypical endometrioses and the benign CCAFs) were negative for MET gain. However, low-level (Z3 MET copies in Z10% and Z4 MET copies in 10-40% of tumor cells) gain of MET was detected in 4 (40%) of the 10 atypical endometrioses and 1 of the 2 borderline CCAFs. Moreover, high-level (Z4 MET copies in Z40% of tumor cells) gain of MET were detected in five (50%) of the atypical endometrioses. In 4 (31%) of the 13 cases enrolled, intratumoral heterogeneity for MET gain was documented in invasive carcinoma components, wherein all the relatively differentiated carcinoma components showed low-level gain of MET and all the corresponding poorly differentiated carcinomas showed high-level gain. The overall incidence of MET overexpression gradually increased from the precursors of non-atypical form (0%), through those of atypical form (67%) and the relatively differentiated carcinoma components (92%), to the poorly differentiated carcinoma components (100%). These results suggest that accumulative MET gene copy number alterations causing MET overexpression are associated with higher tumor grade and might drive the development and progression of the MET amplification-positive ovarian clear-cell adenocarcinoma.
Perhaps, the most important characteristic of any tumor is the combination of genetic alterations that underlie its development and drive its progression.
The search for new target genes for anticancer therapies has become a discrete field of translational research. MET, a unique member of the receptor tyrosine kinase family, has attracted much attention in the recent years, representing an intriguing target for cancer therapy, although this has not yet been established in a clinical setting. The MET protooncogene, located on chromosome 7q31, encodes the MET kinase that is composed of three functional domains, including the ligand-binding domain, regulatory juxtamembrane domain, and the receptor tyrosine kinase domain. 1 Physiologically, when its ligand, namely, hepatocyte growth factor (HGF), binds to it, the MET receptor undergoes dimerization and autophosphorylation at specific tyrosine residues within the cytoplasmic domain, creating docking sites for intracellular signal transducers that activate the Ras-mitogen-activated protein kinase pathway, and the phosphatidylinositol 3-kinase-AKT-mTOR signaling pathway, as well as several other pathways. 1, 2 In contrast to the non-neoplastic cells, in the tumor cells, MET can be activated in a ligand-independent manner through activating mutation, amplification, and overexpression of the MET gene. [1] [2] [3] However, to date, it is thought that somatic mutation of MET is a rare event in the sporadic primary carcinomas of adults, including ovarian carcinomas, 4, 5 with papillary carcinoma of the kidney being an exception. 6 On the other hand, MET amplification was identified in 5-10% of gastric cancers, [7] [8] [9] 4% of esophageal cancers, 10 3-4% of lung cancers, 11, 12 and 10% of colorectal cancers. 13 Our recent study identified that MET overexpression and gene amplification were commonly detected in ovarian clear-cell adenocarcinoma, with their frequencies at 22 and 24%, respectively.
14 On the other hand, such alterations were extremely rare in the non-clear cell histological subtypes of ovarian carcinoma (ie, serous, endometrioid, and mucinous adenocarcinomas). 14 In that study, MET overexpression was associated with a worse prognosis of the clear-cell adenocarcinoma patients, and MET gene amplification was correlated with MET overexpression and poorly differentiated histology of tumors. 14 These findings suggested that among ovarian carcinomas, MET proto-oncogene is specifically involved in clear-cell adenocarcinoma by means of gene amplification. However, it remains unclear how these alterations contribute to tumor development and progression of this carcinoma type.
Clear-cell adenocarcinoma has been recognized to be a highly chemo-resistant form of ovarian cancer. [15] [16] [17] [18] [19] Although little is known about the molecular genetic alterations underlying tumor development, a hypothesis of multi-step tumorigenesis of ovarian clear-cell adenocarcinoma, starting with histologically benignappearing precursor lesions (ie, endometriosis and benign clear-cell adenofibroma (CCAF)), progressing to their atypical counterparts (ie, atypical endometriosis and borderline CCAF), and ultimately to clearcell adenocarcinoma has been proposed and widely considered. [20] [21] [22] [23] [24] [25] [26] In this study, to unmask the timing of MET alterations in the development and progression of ovarian clear-cell adenocarcinoma, we selected 13 clear-cell adenocarcinoma cases that were double in situ hybridization-positive cases, as determined by our previous series, 14 and were in a group of carcinomas with adjacent putative precursor lesions. Using double in situ hybridization and immunohistochemistry, the enrolled cases were analyzed for MET gene copy number alterations and MET protein expression in terms of their intratumoral heterogeneity. Specifically, MET alterations were examined in the benign-appearing putative precursor lesions (ie, non-atypical endometriosis and benign CCAF), their atypical forms (atypical endometriosis and borderline CCAF), and the corresponding invasive carcinoma components. Moreover, the invasive carcinoma components were divided into the two histological categories (ie, carcinomas of poorly differentiated histology vs those of relatively differentiated histology), and the heterogeneity regarding MET alterations in a carcinoma was also assessed. It was anticipated that this information would not only lead to a better understanding of the development of ovarian clearcell adenocarcinoma, but also provide insight into the potential treatment options for this highly chemo-resistant malignancy.
Materials and methods

Patients and Tissue Samples
Hematoxylin-and eosin-stained sections from 21 clear-cell adenocarcinoma cases, in which our previous double in situ hybridization analysis revealed high-level polysomy or gene amplification of MET in the invasive carcinoma components, 14 were histologically reviewed. From these 21 cases, based on the histopathological criteria described previously, [21] [22] [23] [24] 11 tumors with synchronous endometriotic lesions (endometriosis-associated carcinomas) and 2 tumors with adjacent CCAF components (adenofibromaassociated carcinomas) were identified. These 13 cases were retrieved from the files of the Department of Clinical Laboratory, National Defense Medical College Hospital, Japan; all patients had undergone surgical resection between 1987 and 2006, none had undergone chemotherapy or radiation therapy before surgery, and all specimens were formalin-fixed and paraffin-embedded tissue sections. Clinical staging of disease was done according to the International Federation of Gynecology and Obstetrics system. Of the 11 cases with endometriosis-associated carcinoma, 8 (73%) were stage I, 1 (9%) was stage II, 1 (9%) was stage III, and 1 (9%) was stage IV. Of the two cases with adenofibroma-associated carcinoma, one was stage I, and another was stage II. The research protocol was approved by the ethics committee of the National Defense Medical College, Tokorozawa, Japan.
On the basis of previously described histological criteria for 'atypical endometriosis', [21] [22] [23] endometriotic lesions adjacent to clear-cell adenocarcinoma were classified into non-atypical and atypical forms. Of the 11 endometriosis-associated cases, 9 had both non-atypical and atypical endometriosis, 1 had nonatypical endometriosis only, and 1 had atypical endometriosis only. Therefore, 10 lesions of non-atypical endometriosis, 10 lesions of atypical endometriosis, and 11 clear-cell adenocarcinomas containing synchronous endometriosis were analyzed by double in situ hybridization and immunohistochemistry.
Both the adenofibroma-associated carcinomas had components of benign CCAF and borderline CCAF. The histopathological criteria for 'benign-' and 'borderline-' CCAF were described in the previous report. 24 Poorly Differentiated Histology in Clear-Cell Adenocarcinoma
To further assess the intra-tumoral heterogeneity of MET alterations in invasive carcinoma components, we established criteria for evaluating poorly differentiated carcinoma histology, and divided the carcinoma components into two groups: poorly differentiated histology and relatively differentiated histology. Details of the criteria for poorly differentiated histology of clear-cell adenocarcinoma were described in our previous series.
14 Briefly, when tumor cells grew as solid masses, cords, or individual tumor cells, infiltrating towards the surrounding stromal tissue without easily discernible glandular differentiation, these were defined as exhibiting poorly differentiated histology. On the other hand, tumor cells whose growth was noted to be typically tubulocystic, papillary, or a combination of these (tubulopapillary), were defined as having a relatively differentiated histology of clear-cell adenocarcinoma. Of the 13 cases enrolled, 10 cases had both the relatively differentiated and the poorly differentiated histological components, and other 3 had the relatively differentiated histological component only. Therefore, 13 lesions of the relatively differentiated clear-cell adenocarcinoma component and 10 lesions of the poorly differentiated clear-cell adenocarcinoma component were analyzed by double in situ hybridization and immunohistochemistry.
Bright-Field Double In Situ Hybridization
A BenchMark XT automated slide processing system (Ventana Medical Systems, Tucson, AZ, USA) was used for the optimization of the double in situ hybridization assay for copy number alteration of MET. Technical details for this assay were described in the previous reports. 14, 27 Briefly, for MET detection, the INFORM MET DNA Probe (Ventana), a dinitrophenyl (DNP)-labeled probe, was applied to the tissue sections, denatured at 95 1C, and hybridized at 52 1C for 6 h. After washing, the tissue sections were incubated with monoclonal rabbit anti-DNP antibody (Ventana) for 20 min, and then with horseradish peroxidise-conjugated goat antirabbit antibody for 16 min at 37 1C. The metallic silver deposit for MET ISH signal was developed using the ultraView SISH Detection Kit (Ventana). For CEN7 detection, the INFORM Chromosome 7 Probe (Ventana), a DNP-labelled oligoprobe, was applied to the tissue sections, denatured at 95 1C, and hybridized at 44 1C for 2 h. Then, after washing, the tissue sections were incubated with monoclonal rabbit anti-DNP antibody for 20 min, and then with an alkaline phosphatase-conjugated goat anti-rabbit antibody for 12 min at 37 1C. The signal for CEN7 was visualized with a Fast-Red and naphthol phosphate reaction, using an ultraView Red ISH Detection Kit. Finally, hematoxylin counterstaining was performed.
Immunohistochemistry
For MET protein detection, a BenchMark XT automated slide processing system was also used, as described previously.
14 The primary antibody used was a rabbit monoclonal antibody against the carboxyl region of the transmembrane human c-Met protein (CONFIRM anti-Total c-MET (SP44), ready for use; Ventana). The immunoreaction was visualized using an ultraView DAB Detection Kit (Ventana) according to the manufacturer's instructions. 27 Endothelial cells in the tumor tissues served as positive controls, and sections without the primary antibody were used as negative controls.
Interpretation of the Data
For double in situ hybridization analysis, the numbers of dark brown and red dot signals, corresponding to the copies of MET and those of CEN7, respectively, were counted in 80 inter-phase tumor cell nuclei by using a Â 100 oil immersion objective lens. All cases were arranged in three categories as follows: no gain (r2 MET copies in 490% of cells), low-level gain (Z3 MET copies in Z10% of cells and Z4 copies of MET in o40% of cells), and high-level gain (status of high polysomy (Z4 copies of MET in Z40% of cells) or gene amplification (presence of tight gene clusters, a MET/CEN7 ratio per cell of Z2, or Z15 copies of the MET gene in Z10% of cells examined)), by using the previously described criteria. 14, 28 The intensity of the immunoreaction was scored using a four-tier system with the same criteria used for assessing HER2/neu immunoreactions in breast cancer (the HercepTest criteria) as follows: 29 negative, no discernible staining or background type staining; 1 þ , definite cytoplasmic staining and/or equivocal discontinuous membrane staining; 2 þ , unequivocal membrane staining with mild to moderate intensity; 3 þ , strong and complete membrane staining. MET overexpression was defined as moderate (2 þ ) or strong (3 þ ), when complete membrane staining was observed in at least 10% of the cells of interest.
Statistical Analysis
Statistical analyses were performed using StatMate III software (ATMS, Tokyo, Japan). Comparisons between parameters were computed by the w 2 -test. Differences at Po0.05 were considered statistically significant.
Results
The results of double in situ hybridization and immunohistochemistry for detection of MET alterations are given in Table 1 . (Figure 1 ). Of the 10 atypical endometrioses, 1 (10%), 4 (40%), and 5 (50%) lesions were defined as exhibiting no gain, low-level gain, and high-level gain of MET, respectively ( Figure 1 ). All the atypical endometriosis showing high-level gain of the MET gene and three of the four atypical endometrioses showing low-level gain were defined as exhibiting MET overexpression by immunohistochemistry (Figure 1 ). The remaining one atypical endometriosis showed no gain of MET, with a weak (score 1 þ ) immunoreaction for MET.
Copy Number Alterations of the
Both of benign CCAFs showed no gain of MET and a weak (score 1 þ ) immunoreaction for MET (Figure 2) . One borderline CCAF showed low-level gain of MET (Figure 2) , and another borderline CCAF showed no gain. Weak immunoreaction for MET was noted in these two borderline CCAF components, but MET overexpression was not observed (Figure 2) .
Heterogeneity of MET alterations in the invasive carcinoma components is common (Table 1) .
Of the five endometriosis-associated cases wherein adjacent atypical endometrioses harbored a high-level gain of MET (case numbers 2, 4, 8, 9, and 10), all the corresponding carcinoma components examined, regardless of the extent of tumor differentiation (relatively differentiated vs poorly differentiated components), also showed high-level gain of MET and overexpression of MET. In case number 9, although both the relatively differentiated and poorly differentiated carcinoma components were defined as exhibiting a high-level gain, only the latter component showed true amplification of MET (Figure 3) .
Of the five tumors in which the adjacent precursors (ie, atypical endometriosis and borderline CCAF) showed low-level gain of MET (case numbers 1, 3, 5, 6, and 13), intra-tumoral heterogeneity of the copy number alterations of the MET gene was detected in two carcinomas (case numbers 5 and 6). In these two cases, carcinoma components of relatively differentiated histology were defined as exhibiting low-level gain of MET, whereas those of poorly differentiated histology exhibited highlevel gain.
Of the other three tumors in which double in situ hybridization analysis did not reveal copy number alterations of MET in the adjacent precursor lesions (case numbers 7, 11, and 12), intra-tumoral heterogeneity of the copy number alterations of MET was detected in two carcinomas (case numbers 7 and 11). In these two cases, carcinoma components of relatively differentiated histology were defined as exhibiting low-level gain of MET, whereas those of poorly differentiated histology exhibited high-level gain. In case number 7, the poorly differentiated carcinoma component showed true amplification of the MET gene. Both the relatively differentiated and poorly differentiated carcinoma components in the remaining one case (case number 12) showed a highlevel gain of the MET gene. The overall incidence of high-level gain of the MET gene was found to gradually increase from the precursors of non-atypical form (0%), through those of atypical form (42%) and the relatively differentiated carcinoma components (69%), to the poorly differentiated carcinoma components (100%). Consequently, statistical analyses revealed significant differences in the frequency between the nonatypical and atypical precursors (P ¼ 0.019), and between the atypical precursors and poorly differentiated carcinoma components (P ¼ 0.0046). Moreover, the overall incidence of MET overexpression was also observed to gradually increase from the precursors of non-atypical form (0%), through those of atypical form (67%) and the relatively differentiated carcinoma components (92%), to the poorly differentiated carcinoma components (100%). Consequently, statistical analyses revealed significant differences in the frequency between the nonatypical and atypical precursors (P ¼ 0.0007) or invasive carcinoma components (Po0.0001).
Discussion
The main findings of our investigation can be summarized as follows: (1) MET overexpression and copy number alterations were not detected in the non-atypical forms of precursor lesions, such as non-atypical endometriosis and benign CCAF; (2) these alterations were frequently detected in the atypical forms of precursors (ie, atypical endometriosis and borderline CCAF) in the MET amplification-positive ovarian clear-cell adenocarcinoma, and some of these lesions already harbor a high-level gain of MET; (3) intra-tumoral heterogeneity of MET alterations in invasive carcinoma components is common; and (4) rates of the MET alterations were higher in the poorly differentiated carcinoma histology than in the relatively differentiated histology of ovarian clear-cell adenocarcinomas. These findings suggest that MET alterations occur as an early event in carcinogenesis of the MET amplification-positive clear-cell adenocarcinoma of ovary, and that, these alterations might drive the development and progression in a subset of ovarian clear-cell adenocarcinoma. This is the first report to demonstrate the evidence of MET copy number abnormalities and MET overexpression in the putative precursor lesions of ovarian clear-cell adenocarcinoma.
Although our analysis failed to reveal MET overexpression in the non-atypical precursor lesions, all these lesions showed weak levels of MET-associated immunoreactions. Small amounts of MET protein expression were detected in the normal Mullerian epithelium (ie, endocervical glands, endometrium, and ovarian surface epithelium). 30 Moreover, the pathophysiology is still elusive. It has been generally believed that HGF retains a multifunctional role (ie, functions in mitogenesis, cell migration, angiogenesis, and morphogenesis) in the pathogenesis of the pelvic solitary endometriosis, in combination with peritoneal macrophages and ovarian steroids. 31 Therefore, it could be suggested that in (non-atypical) endometrioses and benign CCAFs, low-level expression of MET (ie, expression level scored as 1 þ in the present study), in combination with the locally secreted HGF, might be related to cellular differentiation, for example, to the Mullerian epithelial differentiation, and not be directly associated with cancer development and progression.
In our previous report, although a strong correlation between MET overexpression and double in situ hybridization positivity was statistically supported, there were some discrepancies between the results of immunohistochemistry and double in situ hybridization analyses. However, in the present study, all carcinoma components and atypical precursor lesions harboring a high-level gain of MET demonstrated MET overexpression. These differences in the results obtained were probably because of the different sample types used for analyses; wholesection samples were used in the present series, whereas two tissue microarray cores per case were used in the previous report, and the latter might only represent small parts of the carcinoma. In addition, six (67%) of the nine lesions with lowlevel gain of MET showed MET overexpression, and none of the lesions with no gain of MET showed MET overexpression. Therefore, it is highly likely that MET gene amplification is indeed an important What are the potential implications of these findings with regard to treatment of ovarian clearcell adenocarcinoma with MET inhibitors? In recent years, the evidence accumulated suggests that MET is an exciting and novel drug target for the treatment of MET-overexpressing ovarian cancers, because of the success observed in vitro and in vivo. 32, 33 Various parameters have been suggested to be the predictors of the response to MET kinase inhibitors, including strong expression, as seen, for example, in lung cancers, and gene amplification, as seen in lung and gastric cancers. 12, [34] [35] [36] [37] Taken together with our present data, MET appears to be an important therapeutic target in the treatment of ovarian clear-cell adenocarcinomas with MET alterations, justifying the exploration of anti-MET treatment strategies. Moreover, as HGF is the only known ligand for the MET receptor, neutralization of HGF using ribozymes 38 or antagonistic fragments such as NK4, 39 and neutralizing antibodies 40 may also be the potentially attractive compounds for inhibiting HGF/MET signaling.
Identification of the molecular mechanisms responsible for aggressive tumor behavior is also important for the development of potential new treatment strategies. Although, until recently, no histological features predictive of the clinical outcome in ovarian clear-cell adenocarcinoma patients have been agreed upon, we recently reported that clear-cell adenocarcinomas with poorly differentiated histology, accounting for 33% of the cases studied, had significantly worse outcomes than those with well (not poorly)-differentiated histology, both in earlystage and advanced-stage diseases. 41 Moreover, the presence of poorly differentiated histology was highly associated with resistance of the tumor to postoperative platinum-based chemotherapy. 41 These findings suggested that tumors with poorly differentiated histology can be regarded as a high-grade subtype of ovarian clear-cell adenocarcinoma. In the current study, intratumoral heterogeneity for MET alterations were found to be common in invasive carcinoma components, wherein MET alterations were usually more evident in the poorly differentiated histology than in the relatively differentiated carcinoma components, suggesting that MET alterations may be associated with the histological progression of MET amplification-positive ovarian clear-cell adenocarcinoma. Therefore, MET gains may provide a carcinoma component with evolutionary advantages, favoring its transformation into higher grade and aggressive subtypes of this carcinoma type. Considering the overall data available, it can be stated that MET should be examined as a potential target for treatment of ovarian clear-cell adenocarcinoma, especially those of the aggressive, high-grade, and chemo-resistant subgroup.
In conclusion, our data suggest that copy number alterations of MET and MET overexpression are critical steps in the early development of METamplified and high-grade ovarian clear-cell adenocarcinomas, and that MET amplification, in particular, may prove to be an excellent biomarker of histological progression of this carcinoma. These results contribute to the understanding of the pathogenesis of clear-cell adenocarcinoma and support the development of targeted therapies that inhibit MET activation.
